Abstract-The feasibility of numerical calculations of a through hole via using the MatrixPenciled Moment Method (MP-MM) proposed by Show-Gwo Hsu and Ruey-Beei Wu is investigated. It shows that the MP-MM can't be used to the via which is near the source port, and there is a lower bounded operating wavelength beyond which MP-MM is not applicable. The conclusions are proven by both theory and the simulation results gotten by HFSS.
INTRODUCTION
The miniaturization and large scale integration of electronic devices places increasing demand on the multilayer interconnection geometry. Design of high-speed electronic systems requires careful consideration of the high frequency problems due to parasitic effects from these interconnects. In multi-layer structures, there are parallel lines for signal transmission as well as vias to connect the signal lines in different layers. Several studies involving the electrical characterization and design of the signal lines have been reported in previous literature. The equivalent circuits for some basic via structures have been presented by several investigators on the basis of quasi-static analysis [1] . Using the finite-difference time-domain (FD-TD) method [2] , presented a full wave analysis for the propagation characteristics of a through hole via. In [3] , three-dimensional mode matching technique was used to model the via hole grounds in microstrip. In [4, 5] , finite-elment time-domain method was used to analyze through hole.
In the last decade, Show-Gwo Hsu and Ruey-Beei Wu proposed full wave characterization of a through hole via using the Matrix-Penciled Moment Method [6] . Based on the Pocklinton Equation, the method calculates the current distributions on via discontinuities by MoM, extracts poles by using Matrix-penciled method, gets the complex coefficient of every mode by solving Vandermonde equations, and finally, obtains the scattering parameters of via from superposition principle. The analytical and computational process is more complex than any other computational electromagnetic methods, but it has predominance in computational accuracy and speed for using the right basis and testing function and transforming the three dimensional problem to one dimensional by equivalent thin wire approximation.
The MoM is a computational electromagnetic method with high computational accuracy in most scattering and antenna radiation problem, but the method in Show-Gwo Hsu's literature contained two equivalences:
1) The shape of the microstrip/strip lines in horizontal segment (shown in Figure 1 is ignored and treated as circular cylinder. This equivalence is accurate when the length of transmission lines is infinite, but in actual microwave circuits, due to the restriction of trace and the measure of microwave circuit boards, the microstrip/strip line can't extend to infinity. The equivalence theory and its limitation will be presented in Sections 3 and 4, respectively.
2) MP-MM is based on Pocklinton Equation obtained by considering the antenna as thin wire. Section 5 will discuss the condition in which the transmission line can be seen as thin wire and propose a lower bounded operating wavelength of this method.
There is no question about the predominance of this method in computing the electromagnetic characterizations of via, but it is not a general-purposed method for it is not based on the real structure and rigorous equation which has no approximation.
At present, most literatures about this method introduce its principles [6] and/or some particular calculational examples [7] , on the contrary, neglecting the investigation about the application spectrum in which the method can be used, that is the emphasis of this paper.
The structure investigated in this paper is a through via with one ground plane. The tool used for simulation is HFSS.
Let us briefly recall the basic principles of MP-MM for investigating the feasibility of this method.
A typical interconnection structure of vertical via in a multi-layered circuit is shown in Figure 1 . The upside and downside microstrip/strip lines are connected by a vertical via, and the via penetrates the ground plane through a via hole. The vertical distances between upside, downside transmission lines and the middle ground plane are h 1 and h 2 , respectively. The width of upside, downside transmission lines are w 1 and w 2 , respectively. The radius of via and the hole in the ground plane is a and b, respectively. The magnitude of incident TEM waves of upside and downside transmission lines are A 1 and A 2 , respectively, while the magnitude B 1 and B 2 of reflect waves are need to be calculated for solving the scattering parameters of the via.
For the convenience of calculation, we transform the microstrip/strip lines into circular-cylinders used by the theory of antenna and the equivalent process will be introduced in Section 3. The equivalent radius of the upside and downside transmission lines are ρ 1 and ρ 2 , respectively, shown in Figure 2 .
Based on equivalent principle, the via hole of ground plane can be substituted by ideal conductor with magnetic current − → M and − − → M on its upside and downside plane, thus the problem can be divided into two parts, an antenna radiation problem (shown in Figure 3 ) and a short-circuit problem (shown in Figure 4 ).
In the factual calculation, suppose the length of microstrip/strip lines more than one operating wavelength. Using the piecewise sinusoidal basis function f n (s), the unknown current I(s ) on transmission line can be approximated as
Based on the boundary conditions of conductor and some approximations, the integral equation of unknown current can be expressed as [8] I s
where G(s, s ) is Green's function, and E i (s) is the electric field excited by the magnetic current. According to image theory, the current coefficient C n can be obtained using (1) and (2) . Assuming M modes exist in the module, the current coefficient C n can be expressed as where
Then, z i can be obtained by using Matrix-penciled method, and b i can be gotten by solving Vandermonde equations. Finally, by the superposition principle, the scattering parameters of via can be solved [6] .
THE EQUIVALENT RADIUS OF UNIFORM ANTENNAS WITH NONCIRCULAR CROSS SECTION
The equivalent radius of uniform antennas with noncircular cross section was suggested by Erik Hallen [9] . Hallen stated that antennas with noncircular cross section could be examined mathematically by considering them to be cylindrical in shape and having an equivalent radius. Once the equivalent radius is known, some very complicated problems, like those of strip antennas in a dielectric slab and slot antennas printed on a dielectric substrate, can be reduced to a much simpler case of equivalent circular-cylindrical antenna with a coaxial dielectric or magnetic. Concretely, in this paper, the equivalent cylinder is used to calculate the current coefficient C n in the antenna problem (mentioned in Section 2) expediently.
A thin wire antenna with nonregular cross section is shown in Figure 5 , as the metallic part of the antenna is assumed to be made of a perfect conductor, the tangential component of the electricfield vector on the metallic surface is zero, and so is the normal component of the magnetic-field vector. If the ratio of l/r is far greater than 1, then the equivalent radius ρ e of antenna satisfies equation [10] ln
where d(s, s ) is direct distance between two points s and s taken on the closed periphery c of the cross section and ϕ(s ) is the value of the current density in the periphery c of the cross section.
In the actual antenna, the value of function
changes little with the changing of s. So Equation (5) can be approximated to
where a is the length of the closed curve c of the cross section. For the antenna with flat strip cross section, using (7), we can get
where w is the width of the flat strip.
FROM MICROSTRIP/STRIP LINE TO CIRCULAR-CYLINDER
In the Section 2, two parts are decomposed for calculating the characterization of a through hole via, and the microstrip/strip lines are transformed into circular-cylinders for the convenience of calculation.
In the short-circuit problem, a partial amount of the energy from source port would radiate into the free space, and the rest would be reflected along the transmission line. And in the antenna problem, a wire antenna is bent into a transmission line shown in Figure 3 . Given a unit voltage across the aperture, a partial amount of the energy would radiate into the free space and another partial amount would excite a TEM mode propagating on the transmission line.
So both problems contain electromagnetic radiation, and the electromagnetic radiation relate to frequency and the shape of the antenna. In Section 2, microstrip/strip lines are regarded as circular-cylindrical thin wire, irrespective of the value of l/w. In Section 3, it is deduced that the flat strip antenna can be equivalent to a circular-cylindrical antenna with ρ e = w/4 only if l/w 1. It means that the microstrip/strip line can be calculated from its equivalent circular-cylinders only when its shape can be ignored. Then the difference of scattering parameters between original and equivalent structure will be simulated with l as sweep-parameter.
Via interconnection structure as shown in Figure 1 and it's equivalent model are selected as research object, assuming w 1 = w 2 = 4ρ e = 240 µm, h 1 = h 2 = 1.8 mm, b = 3a = 180 µm, ε er = 2. With the changing of the length of the upper and lower transmission lines, Figure 6 shows the different electromagnetic characterizations between two structures. Note that the scattering parameters of two structures are obtained by HFSS at 15 GHz.
From Figure 5 , when l/w > 25, the scattering parameters of them are approximately the same. When l/w is less than 25, that's to say the via is very close to the source port, so the shape of transmission line can't be ignored. Thus it can't be simply model as a circular-cylindrical thin wire. So MP-MM couldn't be used in this condition.
A LOWER BOUNDED OPERATING WAVELENGTH
The MP-MM is based on Equation (2) which is derived from Pocklinton Equation, so the applicable conditions of Pocklinton Equation also work on it. In the derivation of Pocklinton Equation, it needs the radius of the antenna be far less than the operating wavelength λ g and the length of antenna. Concretely, in this paper it needs ρ e λ g , l
In Section 4, the relation between l and ρ e what the antenna should satisfy has been discussed, so in this section, we just investigate the constraint condition ρ e λ g , which implies that there is a lower bounded operating wavelength for the MP-MM to calculate the characterization of vias.
In this section, a through via with real circular-cylinder transmission lines in upper and lower is calculated by MP-MM and simulated by HFSS. The radius of the upper and lower transmission lines are a 1 and a 2 , respectively. Assuming a 1 = a 2 = a = 60 µm, h 1 = h 2 = 1.8 mm, every 1 GHz of 1-60 GHz Frequency band is abstracted as a sample to calculate the scattering parameters of via, and the scattering characteristics including reflect coefficient and transmission coefficient of 1-60 GHz frequency band can be obtained by aggregating all the scattering parameters of samples.
In Figure 6 , it can be seen that the difference between HFSS and MP-MM becomes distinct when the operating frequency exceeds 40 GHz, which means that the MP-MM is not applicable in relatively high frequency. From (9) and Figure 6 , it is estimated λ g min ≈ 89ρ e (10) So if ρ e is the equivalent radius of microstrip/strip line, from (8) the minimum operating wavelength which MP-MM can be used is λ g min ≈ 22w (11)
To certain through via, the highest frequency solved by MP-MM can be estimated using (11).
CONCLUSION
The MP-MM is an approximate approach in essence. It enables the complicated problem of via to be reduced to a simpler thin wire with one dimension, but the application range is deflated at the same time.
The MP-MM can just calculate the via which is far away from the source port and the operating wavelength must exceed 22 times of the width of microstrip/strip line.
